Abstract. The purpose of this work was to determine what aspect of the milled compound influences its thermal profile. For this, six different compounds with different properties were chosen and cryomilled for different times to get an amorphous solid. Differential scanning calorimetry (DSC) and X-ray powder diffraction were used to characterize the material and look at the thermal behavior. Melt-quenched samples were also prepared, and the thermal profile upon milling was determined and correlated with the thermal behavior of the cryomilled samples. Growth rates were determined by hot-stage microscopy. Ketoconazole, when cryomilled, showed only one crystallization exotherm in the DSC profile. Ursodiol, and to some extent indomethacin, initially showed a double exotherm which eventually become a single exotherm on further milling. Griseofulvin, carbamazepine, and piroxicam exhibited a double exotherm in the DSC profile upon cryomilling to the amorphous state. Surface crystal growth rates around T g were found to be highest for compounds showing the double exotherm in the DSC. Thus, it was seen that compounds which have high surface crystallization tendency will exhibit the double exotherm during heating.
INTRODUCTION
Pharmaceutical drugs and excipients are known to exist in mainly crystalline or amorphous forms. In the crystalline state, compounds can exist either as polymorphs or pseudopolymorphs (1) . Transformation between these various forms is possible and quite likely during pharmaceutical unit processing, especially when it comes to operations such as drying, granulation, milling, compactions, etc. (2) . Among these, milling is generally used for particle size reduction as well as for intimate mixing of powders, and polymorphic transformation of various drugs during milling has been reported for indomethacin and other drugs (3, 4) . Also, due to the considerable amount of energy input during the milling process, the mechanical stress involved in the process can also contribute to a reduction in crystallinity of the powder aside from reducing the particle size (5) . While having a disordered material might mean having certain advantages such as higher solubility and dissolution or improved mechanical properties (6, 7) , it also entails the risk of product performance issues due to crystallization during further processing and storage. Disordered particles obtained via milling are also susceptible to increased water sorption which can influence its physical state as seen for albuterol sulfate (8) and also to increased chemical instability (9) . However, not all compounds are influenced to the same extent upon mechanical impaction, and the propensity of a compound to form a disordered or amorphous state upon milling depends on the crystal structure of the material (10) .
There are many examples of compounds which form the amorphous state upon milling. Since the milling process results in significant heating of the material, it is possible that the amorphous state is formed due to localized melting of the sample and its subsequent quenching. However, it has been shown that the main mechanism for formation of the amorphous state is due to accumulation of defects which ultimately results in a loss of long-range order (LRO) (11) . In the case of cryomilling, since the sample is constantly kept in a bath of liquid nitrogen, at a temperature far below the glass transition temperature (T g ), the formation of amorphous regions is essentially due to the accumulation of defects which can be gradual or spontaneous.
It has been seen for most compounds that the starting material has a definite impact on the behavior of the final milled product. For example, when indomethacin was cryomilled to yield an X-ray amorphous form, it was seen that the milled γ form reverted back to the same solid form upon crystallization as the starting polymorph, while the α form resulted in a mixture of α and γ forms upon recrystallization at 30°C (12) . This result is said to be due to the presence of small crystallites which have not completely transformed to the amorphous state thus acting as seeds or due to a "memory effect" where there is some LRO associated with the powder. This also results in faster crystallization of cryomilled crystals than ground melt-quenched amorphous samples.
The creation of disorder in the material due to a loss of long-range order can be due to thermodynamic or kinetic disordering (13) . Thermodynamic disordering refers to the direct appearance of random close packing, due to complete loss of long-range-order symmetry operators (translational, orientational, and conformational), in the amorphous state without any local packing arrangement. Kinetic disordering is a continuous process where the long-range order is reduced to a shorterrange-order nanocrystalline where the local crystalline packing symmetry is preserved (giving very broad crystalline peaks in the powder X-ray pattern). Compounds that are milled can reach the glassy state via an intermediate nanocrystalline state or remain in a nanocrystalline state depending on the properties of the compound. In this case, nanocrystalline can refer to having an order of the scale of a few nanometers and can be distinguished from amorphous phase by a lack of T g in the differential scanning calorimetry (DSC) profile.
Recently, there had been reports about cryomilling of griseofulvin wherein it was claimed that the final product after cryomilling is not amorphous but results in a defective or "mesomorphous" state, and this conclusion was drawn mostly due to an unusual (bimodal) recrystallization event in the DSC profile and the apparent lack of a T g (14, 15) . Similar thermal behavior has been observed for another compound, etravirine, where cryomilling resulted in an amorphous solid exhibiting a double exotherm in the crystallization event (16) . However, upon further examination of the double exotherm, it was concluded that griseofulvin actually forms an amorphous state on milling and that the double exotherms coincide with two distinct events: crystallization of nucleated surfaces and subsequent crystallization of the bulk and non-nucleated surfaces (17) . The question why compounds such as griseofulvin may exhibit this interesting type of crystallization behavior and what underlying physicochemical properties are responsible for it remains unanswered to date.
In this paper, we investigated the effect of cryomilling on the thermal behavior of a diverse set of six drug compounds (provided in Fig. 1 ) to see if any of these compounds show an effect similar to that of griseofulvin and whether there are any similarities in their physicochemical properties which could provide a clue to explaining this unusual thermal behavior.
MATERIALS AND METHODS

Materials
Griseofulvin (GSF), piroxicam (PXM), and carbamazepine (CBZ) were obtained from Sigma-Aldrich Co. (St. Louis, MO); indomethacin (IMC) and ketoconazole (KTZ) were purchased from Hawkins, Inc. (Minneapolis, MN, USA); and ursodeoxycholic acid (USD) was purchased from Spectrum Chemicals (New Brunswick, NJ, USA).
Preparation of Cryomilled Form
Crystalline drugs were cryomilled using a SPEX centriprep 6750 cryogenic impact mill (Metuchen, NJ, USA). Approximately 1 g of the drug compound was filled into a cylindrical polycarbonate vial and milled for different time intervals. Cycles of 2 min of milling were alternated with a 2-min cooling phase to prevent any temperature buildup. The intensity of milling was set to ten impacts per second. Subsequent to milling, the sample was allowed to come to room temperature in a desiccator containing P 2 O 5 (to prevent condensation of environmental moisture from influencing the physical state of the samples) prior to removing it for analysis.
Milling of Amorphous Form
Amorphous GSF and CBZ were prepared by melting pure crystalline drug on a hot plate set a few degrees above its melting temperature under nitrogen flow. After the samples were kept on the hot plate for a sufficient period of time (to ensure complete melting), the melts were quench cooled by immersing in liquid nitrogen since cooling over ice resulted in partial crystallization. These amorphous solids were immediately placed in a desiccator over P 2 O 5 to prevent water sorption. The other drugs were also prepared in the same way, except that they were quenched over ice instead of liquid nitrogen. Subsequently, the samples were milled for 15 s in a small stainless steel vial with one steel ball bearing using a Wig-L-Bug crescent amalgamator (Dentsply International, Surrey, UK).
Differential Scanning Calorimetry
The samples were analyzed using a DSC 2920 (TA instruments, New Castle, DE, USA) in the standard mode at a rate of 10°C per minute. The instrument was calibrated for temperature and enthalpy using indium. Nitrogen was used as a purge gas at 50 ml/min. The samples were sealed in hermetic aluminum pans and run from 15°C to above their melting temperatures. The results were analyzed using Universal Analysis software version 4.7A (TA Instruments, New Castle, DE, USA).
X-Ray Powder Diffraction
The samples were analyzed using a Siemens D-5000 diffractometer using Cu K α radiation with a wavelength of 1.54 Å. Scans were taken from 4°to 40°2θ at a step size of 0.02°and a scan rate of 1 s per step. The X-ray generator voltage and amperage was set to 40 kV and 40 mA, respectively. The divergence and scattering slits were 1.0 mm wide, and the receiving slit was 0.1 mm wide. The samples were mounted in a silicone sample holder with a well diameter of 1.3 cm and well depth of 1 mm.
Determination of Surface Crystal Growth Rates Using Hot-Stage Microscopy
For determination of surface crystal growth rates, the compounds were dissolved in dichloromethane and spin coated on coverslips using a KW-4A spin coater (Chemat Technology Inc, Northridge, CA, USA). The polymorphs that are stable at room temperature and which were used for cryomilling were sprinkled on the sample to nucleate the respective polymorphs. The samples were then loaded on the microscope hot stage (Linkam THMS 600, Surrey, UK), allowing the sample temperature to be precisely controlled at selected values. Once crystals started growing on the surface of the amorphous matrix, it was centered in the field of the microscope (Nikon Eclipse E600, Nikon Corp, Tokyo, Japan), and pictures of the growing face of the crystals were taken at regular intervals using an image capturing software "Metavue" (Molecular Devices Inc., CA, USA). The rate of crystal growth was calculated from the slope of the length vs. time plot of the growing face, which was linear at the different temperatures studied. The radial growth rate was then plotted against temperature using a log scale since the growth changed exponentially with temperature.
RESULTS
Griseofulvin
GSF exhibits a melting temperature of around 218-220°C and has a very low water solubility of 30.56 μg/ml in water at 25°C (18) . GSF became more and more disordered upon cryomilling as seen from the X-ray profile where a reduction in the peak intensity and an associated increase in the background amorphous halo occurred (Fig. 2a) . The GSF crystalline peaks did not show any increase in peak width but only a decrease in intensity with milling time indicating that the transition from crystal to amorphous was a direct transformation and is best modeled as a mixture of amorphous and crystalline material (13) .
The DSC profiles of the cryomilled samples are shown in Fig. 2b . A broad exotherm (~15 J/g) developed after 10 min of cryomilling overlapping the T g of the melt quench which is around 88°C (data not shown). After 30 min, it could be clearly seen that two separate exothermic thermal events were obtained leading to the formation of a double exotherm which became even more pronounced after 60 min resulting in an overall recrystallization enthalpy of around 44 J/g. As shown in a previous publication, the first exotherm is due to the crystallization of particles having nuclei on their surface (surface crystallization); the second exotherm corresponds to crystallization of particle surfaces without nuclei along with the crystallization of the interior of the particles (bulk crystallization) (17) . The fact that a considerable increase in surface self-diffusion relative to bulk diffusion occurs at temperatures close to T g results in the surface crystallization occurring close to and sometimes overlapping the glass transition event (19) . It was also seen that the two exothermic peaks were due to crystallization to the same polymorph (which is to be expected since GSF has only one reported form).
Indomethacin
It is known that IMC exists in at least three polymorphic forms and many solvated forms (20) . Cryomilling of the three anhydrate forms has been carried out, and it was seen that all of these forms result in the formation of the amorphous state after around 60 min of processing (21) .
In our experiments, the stable form of IMC (γ-form) was taken as obtained from the vendor and cryomilled for 10, 30, and 60 min. From the XRPD (Fig. 3a) , it can be seen that the X-ray diffraction peaks broadened as milling proceeded. This observation points to the possibility that amorphization of indomethacin occurs via a continuous disordering process instead of the direct crystal to amorphous transition as seen for griseofulvin (13, 22) . The DSC profiles for these samples are shown in Fig. 3b . It can be noted that IMC initially forms a broad exotherm of 20 J/g after milling for 10 min. After 30 min, a hint of formation of a double exotherm can be observed. However, this develops into a clear recrystallization event of 38 J/g after 60 min of milling. From the melting behavior, it could be concluded that the same form (γ) was obtained after the recrystallization. Finally, for IMC, a T g could be identified around 40°C which is a few degrees lower than that of the undisturbed melt-quenched sample.
Piroxicam PXM (form I) was cryomilled for 10, 30, 60, and 120 min to ensure complete amorphization. XRPD confirmed the formation of an X-ray amorphous powder (Fig. 4a) . DSC evaluation showed that while the unmilled piroxicam form I exhibited only an endothermic peak at 201°C corresponding to melting of the crystal form, the DSC of the milled samples showed the presence of two crystallization exotherms (Fig. 4b ) before melting. After 10 min of milling, the exotherms (totaling around 24 J/g) were seen at 60°C and 83°C, respectively. The second exotherm was dominant upon short periods of milling but reduced in magnitude as the milling progressed. For the first exotherm, the opposite was observed as it increased upon cryomilling and dominated the crystallization event after 120 min. The total crystallization enthalpy was around 56 J/g after 120 min of cryomilling. The T g of meltquenched amorphous PXM is around 61°C, and it can be seen that the crystallization exotherm in the cryomilled samples overlapped the glass transition temperature. The melting temperature of the recrystallized samples did not change upon milling indicating that the same polymorph (form I) is obtained for all samples. XRPD (data not shown) confirmed that the same polymorphic form was obtained after both exotherms and that the second exotherm did not represent any type of polymorphic transformation.
Ketoconazole
For KTZ, crystallization in different solvents and recrystallizing from amorphous melt-quenched samples have resulted in only one polymorph as determined by XRPD (23) .
Cryomilling of KTZ has not been reported in literature to date. Upon cryomilling KTZ for 10, 30, and 60 min, XRPD (Fig. 5a) showed that KTZ rapidly became disordered and was completely amorphous after 60 min of milling. The width of the diffraction peaks increased only slightly and then started to reduce in intensity as the amorphous halo developed. This suggested again a direct crystal to amorphous transition. The DSC results (Fig. 5b) showed just a single exothermic event, representing crystallization prior to melting. The enthalpy of this exotherm increased with milling time (from 18 J/g after 10 min to 42 J/g after 60 min). The formation of the amorphous state in the powder was clear and discrete since crystallization (1) occurred at temperatures 20-30°C higher than the T g which was seen around 38°for the milled sample and (2) the crystallization exotherm was very sharp, unlike that seen for PXM and GSF.
Ursodeoxycholic Acid
USD is known to form the amorphous state both upon grinding and melt quenching (24) . However, it has been reported that the amorphous form prepared by these two methods resulted in a different crystallization behavior (25) . Therefore, USD was considered to be an interesting compound for inclusion into the current study. From the XRPD data (Fig. 6a) , it could be seen that USD formed the amorphous form quite easily with the diffraction peaks drastically reducing after just 10 min and an X-ray amorphous material being observed after 30 min. The DSC results (Fig. 6b) showed that after 10 min, there was a broad exotherm (25 J/g) due to crystallization of the disordered regions. Upon further milling, a double exotherm developed with the first exotherm occurring just above the T g . The fact that two exotherms were observed after 30 min of cryomilling suggests that crystal nuclei are still present at that point, a phenomenon XRPD was unable to pick up. Increasing the milling time resulted in the first exotherm reducing in size and the second exotherm increasing and moving to higher temperatures. After 120 min of cryomilling, only one exotherm (56 J/g) was observed with a clear T g indicating complete amorphization of the solid. Thus, while USD shows a double exotherm in the beginning as GSF does, its behavior is different from GSF 
Carbamazepine
CBZ is known to exist in various polymorphic forms and has been studied by multiple authors. It is not completely clear as to how many polymorphic forms of CBZ actually exist as different numbers of forms have been reported (26) (27) (28) . For the sake of clarity, the stable form at room temperature will be called form III here; the stable form at higher temperatures will be termed form I, in line with the nomenclature of McMahon (29) and Krahn (27) .
CBZ form III was cryomilled for 10, 30, and 60 min and analyzed by DSC and XRPD. The X-ray data (Fig. 7a) showed that the intensity of the diffraction peaks decreased without any significant broadening of the peaks. After 60 min of cryomilling, there were the remnants of some of the crystalline peaks indicating that the sample was not completely amorphous. DSC results (Fig. 7b) showed a broad exotherm (10 J/g) after 10 min. This exotherm occurred over the T g of amorphous CBZ which is normally observed around 50-55°C. As milling time was increased, the exotherm increased and eventually resulted in two recrystallization exotherms after 60 min, similar to what was seen for GSF, with a total crystallization enthalpy of around 41 J/g. Interestingly, while the DSC results of the starting material showed the melting of form III and subsequent crystallization of form I (which is more stable at higher temperatures), the thermograms of the cryomilled samples showed direct enantiotropic transformation of form III to form I at an onset temperature of 150°C followed by a large melting endotherm of form I at around 189°C. 
Effect of Milling on Melt-Quenched Samples
Melt-quenched amorphous samples were milled for 15 s, and the powder was analyzed by DSC. The thermograms of the compounds showing the double exotherm upon cryomilling of the crystals are shown in Fig. 8 . GSF showed a thermal profile showing a small exotherm immediately after the T g and before the main recrystallization exotherm which also occurs at a lower temperature than for the undisturbed sample (data not shown). This suggests that the thermal behavior of the triturated melt quench is similar to the behavior of the milled crystalline compound. Milling of the amorphous meltquenched CBZ sample also showed the development of a small exotherm before the main exotherm (as seen for GSF), but the main exotherm was more broadened than for GSF. PXM crystals, when analyzed by DSC, melted at around 200°C and did not crystallize when cooled at a rate of 20°C/min. Reheating the sample showed the T g of melt-quenched piroxicam to be around 61°C, and no recrystallization was observed during the heating phase. However, when melt-quenched piroxicam was milled and analyzed by DSC, the sample showed the appearance of a double crystallization exotherm where the first exotherm overlapping the T g was more pronounced than for the previous two compounds and the second exotherm was also broader than observed for CBZ. These results show that the double exotherm in the thermogram observed for these compounds is due to crystallization of the amorphous phase and should not be ascribed to the formation of a new "mesomorphous" phase formed from the crystal, as suggested previously (14) .
When IMC, KTZ, and USD were quenched from the melt to form an amorphous solid and analyzed after milling the sample, all three samples showed a similar recrystallization behavior. Crystallization of the amorphous drug particles Cryomilling for 10, 30, 60, and 120 min shows development of a double exotherm dominated by the first exotherm occurred as one exotherm at temperatures far above their T g and relatively close to the melting temperature for IMC and KTZ (Fig. 9) .
Surface Crystal Growth Rates
The surface crystal growth rates of the different compounds are shown in Fig. 10 where the temperatures have been normalized to the glass transition temperature. Radial growth rates were measured starting from temperatures below T g to around 30°C above the T g . It was seen that PXM and GSF had the fastest growth rate among all the compounds, both of which were higher by nearly two orders of magnitude when compared to IMC and KTZ. CBZ had an intermediate growth rate, close to one order of magnitude higher than IMC and KTZ. The CBZ growth rate appeared to move closer to that of GSF and PXM with increasing temperature. USD had significantly lower growth rates (more than one order of magnitude) compared to GSF and PXM, but they were slightly higher than those for IMC and KTZ. IMC showed a slight jump in growth rate close to T g with reducing temperature. The exact reason is not known, but a similar increase in growth rate has been observed in the bulk as well, and it was suggested to be due to a change in the mechanism of growth and crystal morphology (30, 31) .
DISCUSSION
Crystallization of the amorphous phase is a spontaneous process, the rate of which depends on a combination of the thermodynamic driving force and molecular mobility. It is made up of two subprocesses, nucleation and growth, and may be studied either at isothermal temperatures or nonisothermally as has been done in this study. In a non- Cryomilling for 10, 30, and 60 min shows only one exotherm isothermal analysis, a crystallization exotherm is detected at temperatures where the rate of crystallization is high enough to result in a release of heat that can be detected by the instrument. According to classical crystallization theory for amorphous compounds, the rate of crystal growth exhibits a maximum at a certain temperature between the T g and the T m , depending on the opposing influences of the thermodynamic driving force (increases with decrease in temperature) and molecular mobility (decreases with decrease in temperature) (32) . Therefore, one would expect a recrystallization exotherm at a temperature above T g and below the T m upon heating an amorphous sample. However, the compounds selected clearly show different recrystallization behavior. While KTZ always showed a single crystallization exotherm above T g , IMC and USD initially showed a double exotherm which evolved to a single exotherm upon further milling. On the other hand, GSF, PXM, and CBZ always showed a clear double exotherm with one exotherm occurring below T g and, in the case of PXM, the first exotherm being dominant. Given the clear differences observed in crystallization behavior, it is of interest to further try to understand these in terms of crystallization tendency and physicochemical drug compound characteristics. Recently, the crystallization tendency upon cooling drugs from the melt has been classified (Table I) (33) . According to this classification, class I solids are drug compounds that crystallize during cooling of the melt at 20°C/min; class II compounds are those that turn amorphous on cooling but crystallize upon heating at 10°C/min; and class III compounds remain amorphous upon cooling and on the subsequent reheating step. Class I compounds were further sub-divided into type I-A, which crystallize Cryomilling for 10, 30, 60, and 120 min shows a double exotherm in the beginning which develops into only one exotherm even at higher rates of cooling, and type I-B, which can form the amorphous phase upon using fast rates of cooling (using liquid nitrogen) (33) . A cursory glance at the classification, applied to our current set of model compounds, shows that GSF and CBZ which show double exotherms are present in class I-B, i.e., they show high crystallization tendencies. The fact that PXM is classified as a class III even though it results in a double exotherm may possibly be due to undisturbed PXM having a low nucleation rate, resulting in the absence of a recrystallization exotherm. In contrast, upon cryomilling, one can expect nuclei to be already present in the material, thereby triggering overall crystallization more easily.
The reduced crystallization temperature of an amorphous solid is a normalized measure of the temperature at which spontaneous crystallization occurs during heating so that different compounds can be compared on their crystallization tendency (34) . It is given by the equation,
where T c is the temperature of crystallization, T g is the glass transition temperature, and T m is the melting temperature. In the present study, onset temperatures were used for the calculation, and T c was determined only after the triturating of the sample to ensure that all the compounds crystallized upon heating at 10°C/min. The T r values are reported in Table II . Interestingly, it can be seen that compounds which had a low T r were also the ones which exhibited the double exotherm in the cryomilled samples. Thus, it can be concluded that the crystallization tendency of these compounds determines the type of crystallization exotherm observed upon cryomilling.
In the last few years, an improved understanding of the crystallization process from amorphous solids has been obtained. Briefly, the crystallization process can be separated into two processes, one occurring at the surface and the other happening in the bulk (35, 36) . Surface crystallization occurs at a much faster rate compared to bulk especially at temperatures near and below T g . This difference in crystal growth rates reduces as the temperature is increased with no differences to be seen above a certain temperature. In a previous publication of our group, surface crystallization has been suggested to be the most probable explanation for the appearance of a double exotherm observed upon heating cryomilled griseofulvin (17) . Upon comparison of the surface crystal growth rates of the different compounds used in this study (Fig. 10) , it can be seen that GSF indeed has a very fast surface growth rate which apparently allows sufficient crystallization to occur at T g . It has also been observed that crystallization of GSF and IMC bulk powders analyzed by XRPD shows a two-stage crystallization with the first stage exhibiting fast surface crystallization and the second, bulk crystallization that is much slower (35, 37) . In a DSC experiment, crystallization occurs in the same order resulting in two distinct exotherms. In general, the compounds showing the double exotherm were found to be the ones with a much higher crystal growth rate on the surface while the samples exhibiting Fig. 8 . DSC thermograms of ball-milled melt-quenched a CBZ, b GSF, and c PXM show the development of a small exotherm at temperatures around the T g followed by the main crystallization exotherm Fig. 9 . DSC thermograms of ball-milled melt-quenched a IMC, b KTZ, and c USD show that for these compounds, the recrystallization occurs at temperatures considerably higher than the T g unimodal recrystallization exotherm had lower surface growth rates. It should be noted that the heating rate used in the experiment can have an influence on the resulting crystallization behavior. For example, when high heating rates are used, very little surface crystallization may occur at T g , even for compounds with high surface growth rates resulting in a clear observation of the glass transition in the thermogram (38) . Upon using lower heating rates, the latter can potentially be overshadowed by the surface crystallization exotherm. In addition, reducing the heating rate for compounds with low surface growth rates can also result in exhibiting a crystallization exotherm around T g , to the extent that the heating rate used allows detectable crystallization to take place (39) . The faster the surface growth rate, the harder it will be to prevent its crystallization at T g by increasing the heating rate in the experiment.
The reason why some compounds crystallize faster on their surface as compared to others is expected to further depend on their physicochemical properties, some of which are provided in Table II where the T g values reported are for the undisturbed melt-quenched samples heating at 10°C/min. Why cryomilled compounds show differences in terms of their crystallization behavior is currently not very well understood. In what follows, we will attempt to relate the latter to a number of physicochemical attributes of the model compounds that have been shown before to have an influence on crystallization behavior when prepared by cooling from the melt (molecular weight, heat of fusion, entropy of melting, number of rotatable bonds, etc.) (33) . With respect to molecular weight, it has been observed that compounds with smaller molecular weights tend to crystallize faster in general which is most likely due to the fact that these molecules will have higher diffusivity due to their low mass which will allow them to move to the growing crystal face more quickly. It will also help the molecules to attain the appropriate conformation more easily since less energy will be required to move lighter side groups. For our compounds, it can indeed be observed that the highest molecular weight of KTZ coincides with the fact that this compound showed the lowest crystallization tendency. CBZ, on the other hand, had the lowest molecular weight but crystallized slower than PXM and GSF. Also, GSF and IMC which had very similar molecular weights showed very different crystallization behavior. Therefore, molecular weight alone does not suffice to fully explain the observed rank order. As the number of rotatable bonds has previously been found to influence crystallization behavior from amorphous products prepared by cooling from the melt, it is of interest to further evaluate this property with respect to the current study (33) . In the amorphous state, the number of possible conformations can be thought to be smaller for molecules having a lower number of rotatable bonds, i.e., more rigid molecules, resulting in the lowering of the configurational entropy and thus making it easier to attain a conformation matching that in the crystalline form (40) . Therefore, compounds that have a fewer number of rotatable bonds are expected to crystallize out faster. The entropy of fusion is related to the number of rotatable bonds, since an increase in the latter would allow a large number of configurations to be achieved by the molecules in the melt and thus increase the entropic difference between the crystal and the melt at the T m . In this study, we observe that the compounds with the highest crystallization rates are also those with a fewer number of rotatable bonds. CBZ is the most rigid with zero freely rotatable bonds, GSF has three, and while PXM has two rotatable bonds, one of which is hindered due to an intramolecular H bond (41) . While entropic considerations are of importance, the reason why GSF and PXM had faster surface crystal growth rates than CBZ which has a fewer number of rotatable bonds and had a lower molecular weight could be due to enthalpic reasons (as seen from the higher heat of fusion for PXM and GSF). It is also possible that there is some contribution from hydrogen bonding patterns between the molecules in the amorphous phase which leads to the observed order of crystallization. Clearly, it is a combination of molecular properties which determine the rates of crystallization of the different compounds.
Other than thermodynamic considerations, kinetic factors such as relaxation time of molecular motion can also have an influence on the crystal growth rate (42) . When a sample is melted and cooled, the molecular mobility is highest close to the melting temperature and decreases as the temperature is reduced. The rate at which the mobility/viscosity changes with Cooling and heating-no crystallization Piroxicam, ketoconazole, indomethacin, ursodiol temperature in the super-cooled region depends on whether the system is "strong" or "fragile" and may have an impact on bulk crystallization rates (43) . A fragile system is one in which the mobility or viscosity follows a non-arrhenius relationship with temperature in the super-cooled region. The differences between the fragility of the compounds studied can contribute to different crystallization rates at temperatures between the T g and the T m . Also, fragility is a bulk property, and since the double exotherm is observed due to crystallization on the surface, it may not have much correlation to this study. Moreover, the bulk mobility for all compounds will be the same at and close to the T g since by definition, the glass transition temperature occurs when the viscosity is around 10 12 Pa·s or relaxation time constant is around 100 s (at a heating rate of 10°C/min) (44) . In this study, since we are concerned about the crystallization that occurs at or close to the T g , molecular mobility in the bulk will be very similar for all the compounds studied and is therefore not expected to contribute to the difference in the crystallization behavior near the T g . It has also been shown that the mobility or self-diffusion of molecules on the surface of an amorphous solid is significantly higher than that in the bulk, and this can result in crystallization at temperatures around the T g (36) . Experimental determination of this surface selfdiffusion has recently been done using AFM imaging (19) . It is possible that PXM, GSF, and CBZ have the optimum surface self-diffusion rates compared to the other compounds which may be causing an increased surface crystal growth rate.
Since crystallization is a combination of nucleation and crystal growth, mention has to be made of the importance of the nucleation behavior of the amorphous solids. Melt-quenched samples will not show any crystallization unless they have nuclei present as seen for PXM when it is quenched and heated in a DSC. Milling of these meltquenched samples creates a large amount of surface and also creates nuclei. The larger the total number of nuclei on the surface, the greater will be the amount of solid crystallizing at T g , while a small number of nuclei will result in incomplete surface crystallization around T g during heating leading to a small first exotherm. In compounds with slow surface crystal growth rates, the presence of a small number of nuclei may not be enough to cause any noticeable crystallization during heating while a large number of nuclei will allow detection of surface crystallization in a DSC. For example, in the milled amorphous IMC sample, we observed a unimodal exotherm, while it is seen in literature that when meltquenched IMC was milled for 2 h and heated at 5°C/min, it developed a bimodal crystallization exotherm (45) . When the sample was milled at higher milling rates, however, the exotherm favored a unimodal shape. Since the crystal growth rates do not change, the only reason why this could be happening is a large number of crystalline nuclei being formed on the surface at low milling rates which result in a larger amount of sample crystallizing and being detected. At higher milling rates, it is likely that most of the nuclei are forced back into the amorphous phase resulting in a fewer number of nuclei.
Clearly, milling will result in the creation of a large amount of surface on the amorphous solid which can increase the extent of crystallization occurring around the glass transition temperature. As shown in this work, not all compounds subjected to milling result in detectable surface crystallization at a temperature close to T g at the same heating rate in a DSC study. Whether a milled amorphous compound exhibits a single or a double recrystallization exotherm will depend on the number of nuclei formed and the crystal growth rate at the surface as well as the heating rate employed to analyze the sample. Therefore, it is not just the creation of surface but also the physicochemical properties of the compound that influences nucleation behavior and crystal growth rates and thus the extent of crystallization around T g .
CONCLUSIONS
GSF, PXM, and CBZ showed a double exotherm upon cryomilling of the crystals to the X-ray amorphous state while only one crystallization exotherm was observed for IMC, USD, and KTZ. The compounds exhibiting the double exotherm showed higher surface crystal growth rates as measured by light microscopy. High crystal nucleation and growth rates which are influenced by multiple physicochemical compound properties as well as the creation of a large amount of surface from cryomilling, where crystal growth rates are higher than the bulk (especially around the T g ), appear to be the cause for this unusual thermal behavior.
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